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The past decade witnessed remarkable progress in the development of the midinfrared ͑IR͒ quantum-cascade lasers ͑QCLs͒, 1 and room-temperature continuous-wave operation is obtained over the ϳ 4-10 m spectrum. In contrast, invention of the terahertz ͑ ϳ 1 -10 THz, ϳ 30-300 m͒ QCLs has been more recent, 2 and there is still much to be desired in their performance, the foremost being operation at temperatures accessible by the present day thermoelectric coolers ͑տ240 K͒ and ultimately at room temperature.
For an intersubband radiative transition from level u → l, the peak gain g ϰ⌬n ul f ul / ⌬, where ⌬n ul is the population inversion, f ul is the oscillator strength, and ⌬ is the linewidth of the transition. For spontaneous emission, intersubband emitters have an inherently small radiative efficiency Ϸ u→l / spont due to the fast electron-longitudinaloptical ͑e-LO͒ phonon scattering time in polar semiconductors. This, coupled with the fact that the spontaneous emission power output ͑ϰ 2 f ul ͒ is lower at terahertz frequencies, makes it difficult to distinguish terahertz intersubband emission from thermal blackbody radiation. Historically, prior to the realization of the first terahertz QCL, the design strategy had been to maximize f ul , which tended to yield less ambiguous intersubband emission signals with narrow linewidths. [3] [4] [5] This strategy apparently contributed to the initial breakthrough of terahertz QCLs based on the chirped superlattice ͑CSL͒ structure. 2 Despite this early success, however, the large f ul corresponds to a vertical design in which the upper and lower states strongly overlap, resulting in a fast decrease in the upper-state lifetime with temperature in the form of u→l Ϸ LO exp͓͑ប LO − ប͒ / k B T e ͔, where LO is the raw LOphonon scattering time when the upper-state electrons are sufficiently energetic to emit LO phonons and T e is the electron temperature. In order to increase the operating temperature of terahertz QCLs, the key is to increase u→l at high temperatures. It is clear that u→l will have a sensitive temperature dependence in the exponential factor exp͑ប LO − ប͒ / k B T e . This is a fundamental feature of terahertz QCLs since ប Ͻប LO . Our recent work has demonstrated that u→l can be made longer by using a strong magnetic field to increase LO , resulting in a maximum operating temperature ͑T max ͒ of 225 K. 6 In this work, we explore another strategy to increase LO ͑without using a magnetic field͒ by making the u → l transition diagonal. The advantages of a diagonal radiative transition are well known from the previous work in mid-IR QCLs. Even in the terahertz, the bound-to-continuum ͑BTC͒ transition based designs achieve a better performance due to increased diagonality. 7, 8 In this work, we go a step further and make our design considerably more diagonal than the previous designs, which successfully led to a record temperature performance of 186 K. Furthermore, because of a greater spatial separation between the injector state and a lower parasitic state, the parasitic current density is lower than that of similar structures based on a vertical design. Figure 1 shows the conduction band diagram of the design at two different bias conditions. The design is similar to a recently published three-well structure, 9 which had demonstrated the best T max of 178 K for any terahertz QCL so far. 10 The key characteristics of this design are the resonantphonon depopulation scheme 11 and a one-well injector region. 12 The ͑dimensionless͒ oscillator strength f ul ϵ͑4m ‫ء‬ ul z ul 2 ͒ / ប ͑where z ul is the radiative dipole matrix element, m ‫ء‬ is the effective mass, and ul is the radiative frequency͒ can be considered a good measure for diagonality. A big difference in the present design is the value of f ul Ϸ 0.38 ͑z ul Ϸ 37 Å͒, which is less than half of the least of all previously published terahertz QCLs that operate above 2 THz. For comparison, f ul Ϸ 0.85 in the design in Refs. 9, 10, and 13 and f ul Ϸ 0.77 for a slightly modified version of the four-well design in Ref. 14 that yielded a T max of 173 K. 15 Visually, Fig. 1͑a͒ with the CSL and BTC designs due to their very different depopulation mechanisms.
In the operating bias condition in Fig. 1͑a͒ , assuming unity injection efficiency for resonant-tunneling ͑RT͒ from 1Ј → 4, a population inversion ⌬n 43 ϰ 4 ͓1−͑1 / 31 + n 2 / n 3 / 21 ͒ −1 / 4→3,2 ͔ is established for a given current density J flowing across the structure. Approximating n 3 Ϸ n 2 ͑Ref. 16͒, a value of ͑1 / 31 + n 2 / n 3 / 21 ͒ −1 Ϸ 3,2→1 Ϸ 0.16 ps is estimated at the operating bias, where 3,2→1 ϵ͑1 / 31 +1/ 21 ͒ −1 . To quantify the role of diagonality on gain, the quantity f 43 4 ͑1− 3,2→1 / 4→3,2 ͒ ϰ f 43 ⌬n 43 is computed for six different hypothetical designs where all aspects of the design are kept the same except f 43 . Figure 2͑a͒ shows the result of this calculation. At high temperatures, since 4 → 3 , 2 e-LO-phonon scattering is the dominant nonradiative process, 4 Ϸ 4→3,2,LO Ϸ LO exp͑ប LO − E 43 ͒ / k B T e , which is also plotted alongside for a particular value of T e = 250 K. The spatially separated wave functions in a diagonal design have a larger LO , which increases 4→3,2 . Even though f 43 decreases, the figure of merit f 43 ⌬n 43 improves with diagonality. In reality, the improvement in f 43 ⌬n 43 will be even larger than that shown in Fig. 2͑a͒ since the injection selectivity into the level 4 also becomes better for a more diagonal design. A caveat, however, is that the radiative linewidth ⌬ will become larger for a more diagonal design; hence the improvement in the gain g ϰ f 43 ⌬n 43 / ⌬ will be weaker as compared to that shown for the quantity f 43 ⌬n 43 . The quantitative dependence of ⌬ on f ul likely depends on the details of design and growth. Also note that this calculation should only be taken qualitatively since the transport through the collector barrier is not entirely coherent. 17 A secondary advantage from increased diagonality, one that applies more to the resonant-phonon designs, is a reduction in the "parasitic" leakage current at the 1Ј → 2 alignment bias in Fig. 1͑b͒ . 12 This parasitic coupling can be characterized by the energy splitting ⌬ 1 Ј 2 at the 1Ј -2 anticrossing. The low-temperature threshold current density J th,5K for these designs is believed to be limited at the low end by the current density J 1 Ј 2 at such an alignment. 16 ,12 ⌬ 1 Ј 2 is enhanced by the spatial extent of level 3 since levels 3 and 2 are strongly coupled. For a diagonal transition, the lower level 3 is localized away from the injector barrier. Hence, ⌬ 1 Ј 2 decreases with f 43 . For a weak 1Ј -2 coupling, a simplified expression J 1 Ј 2 Ϸ eN͑⌬ 1 Ј 2 / ប͒ 2 ʈ / 2 can be written, 18 where N is the combined electron sheet density of levels 1Ј and 2 ͑ϷQCL doping density͒ and ʈ = ͓1 / ͑2 2 ͒ +1/ T 2 ‫ء‬ ͔ −1 is the dephasing time with a phenomenological "pure" dephasing time T 2 ‫ء‬ . 17 J 1 Ј 2 is computed using 2 Ϸ 0.2 ps ͑calculated͒ and T 2 ‫ء‬ Ϸ 0.5 ps ͑assumed͒ and is plotted along with ⌬ 1 Ј 2 for different values of f 43 in Fig. 2͑b͒ The structure, labeled OWI222G ͑wafer VB0240͒ was grown by molecular beam epitaxy with 222 cascaded modules, with n =5ϫ 10 18 cm −3 contact layers grown above ͑50 nm thick͒ and below ͑100 nm thick͒ the 10 m thick active region and with a 200 nm Al 0.55 Ga 0.45 As etch-stop layer underlying the entire growth. Metal-metal waveguide ridge lasers were processed using the method outlined in Ref. 14, albeit with two variations. First, a Ta/Cu/Ti/Au layer sequence was used for the top metal to lower the waveguide losses. 10 Second, the ridges were processed by wet-etching using a 1:1:25 H 3 PO 4 :H 2 O 2 :H 2 O etchant. The fabricated devices were cleaved ͑with back-facets left uncoated͒, indium soldered ridge side up on a copper mount, wire bonded, and mounted on the cold stage of a pulsed-tube ͑PT͒ cryocooler. Lasing at ϳ 3.9 THz was observed up to a heat-sink temperature of 185 K from a 120 m ϫ 2.04 mm ridge laser ͑Color online͒ Some characteristic calculations for the three-well structure in Fig. 1͑a͒ when it is designed with varying levels of diagonality ͑as characterized by f 43 ͒ while keeping all other parameters the same. The various symbols and terms in the plots are described in the body text.
and up to 186 K from a bigger 170 m ϫ 2.51 mm device in pulsed operation. The measurement results are shown in Figs. 3͑a͒ and 3͑b͒, respectively. Due to wet-etching these ridges have sloped sidewalls as seen from the upper inset of Fig. 3͑b͒ . This makes the narrower ridges to have worse temperature performance since the current density is nonuniform across the modules along the vertical dimension. The I-V measurement is shown for the smaller device since the complete I-V could not be measured for the bigger device due the limitation of power supply that was used. The slopediscontinuity at ϳ1 A in the I-V in Fig. 3͑a͒ is indicative of the lasing threshold. 18 Also to be noted is the plateau region in the I-V at a bias of ϳ11 V that is indicative of the 1Ј -2 parasitic resonance.
The operating current densities in the range of 410 − 830 A / cm 2 for this design are approximately a factor of two lower than that for the more vertical design in Ref. 10 . This is a direct consequence of a reduced 1Ј → 3 , 2 leakage current in operating conditions or in other words a better injection selectivity for the 1Ј → 4 tunneling in a more diagonal design. The pulsed T max of 186 K for this terahertz QCL is the highest reported so far, even though the radiative oscillator strength in this design is significantly smaller than previous designs. This confirms the presence of a larger gain at high temperatures for this active region. This design strategy is likely to yield even better performance up until the point the radiative linewidth ⌬ becomes too broad, which offsets the advantage of a larger f 43 FIG. 3. ͑Color online͒ ͑a͒ Pulsed ͑100 ns pulses repeated at 10 kHz͒ lightcurrent ͑L-I͒ and current-voltage ͑I-V͒ characteristics from a 120 m ϫ 2.04 mm ridge laser that lased up to 185 K. The inset shows some representative spectra at 9 and 185 K. The L-I's and the spectra were recorded with a He-cooled Ge:Ga photodetector and a Nicolet 850 Fourier transform spectrometer. The optical power is collected from a single facet using a Winston cone. The peak power is detected with a thermopile power meter ͑ScienTech, model AC2500͒ placed adjacent to the cryostat window without any corrections. ͑b͒ Typical J th vs heat-sink temperature T measurement from these lasers. A fit to the commonly used expression J th ϰ exp͑T / T 0 ͒ is also indicated. The upper inset shows a scanning-electron microscope image of the cleaved facet of a 170 m wide device. The lower inset shows selected high temperature L-I's for the wider device of dimensions of 170 m ϫ 2.51 mm, which lased up to 186 K.
